It is well documented that the abundance of primary producers can be controlled by either abiotic factors like nutrients, water and temperature, or by biotic factors like herbivory and parasitism, but the relative importance of these two forces and how they vary between ecosystems and biomes are still under debate 1 . Recent climate changes put a new focus on these questions, since the projected responses of higher trophic levels have to be considered to accurately predict the abundance of primary producers in systems where biotic factors dominate 3,6 .
Small rodents, especially voles and lemmings, are important herbivores in northern ecosystems 8, 10, 11, 12, 13, 14, 15, 16, 17 . In most boreal and arctic ecosystems, rodents normally experience regular interannual population density cycles of 3-5 years 13, 18, 19 . Recent studies suggest that a changing climate may lead to a disappearance of pronounced rodent cycles in the future 18, 19 , with severe negative consequences for predators and reduced consumer pressure for plants 6, 18 . Since the densities of rodents fluctuate between years, so should their impact on the vegetation. The severe effect of small rodents on the vegetation in the winter after autumn peak densities is well documented 11, 12, 14, 15, 16, 17 . However, there are still many challenges remaining in order to understand how changing rodent cycles would influence arctic plant communities. One challenge is that the long-term effect of rodents depends both on the resistance and tolerance of the vegetation to herbivory, meaning that both plant vulnerability during peak densities and the ability of plants to re-grow between peaks matters 20 . However, the only time series with annual records of plant responses that are long enough to record the dynamic responses of plant communities to rodent cycles (8 years), lack matching data from exclosures 21, 22 and thus the power to test whether plants or herbivores are driving these interactions. Another major challenge is that the effect of rodents is typically very heterogeneous at various spatial scales within and between habitats 8 . It has thus been difficult to estimate the effects of rodents at spatial scales relevant for regional or global predictions of ecosystem responses to environmental changes. Our study overcomes both these challenges by a) presenting a 14-year time series of plant abundance in grazed control plots and herbivore-free exclosures, which shows that rodents drive cycles in plant abundance, and that the amplitude of these cycles depends on plant traits, and b) combining the results with NDVI estimates from satellite images, which show that these cycles are important at a landscape scale.
The vole population fluctuated with a three year cycle throughout the study period (1998- Table 1 ).The fluctuations of lemmings were both larger in amplitude and less regular than the vole cycles.
( peaks. There was also a vole and lemming peak in the region in 1997, the year before our trapping started (pers. obs.). The rodents reduce plant biomass in this ecosystem, since plant biomass increased substantially between 1998 and 2011 in plots where herbivores had been excluded, compared to grazed control plots (Fig 1c, Table 1 ).
Plant biomass in the grazed plots fluctuated synchronously with the rodent densities, with peaks in 2001, 2004, 2007 and 2010 , and distinctive declines in the year after the peaks (Fig   1c) . Ground truth measurements of NDVI in 2011 in the plots used for permanent vegetation recordings revealed a higher NDVI inside the exclosures than in the grazed controls and a positive linear relationship between plant biomass and NDVI (Supplementary Figure 2) . It should thus be possible to detect the effects of rodents on the vegetation at larger spatial scales using satellite images. The distinct decline of plant biomass the year after a rodent peak could indeed be observed as a decline of regional NDVI estimated from satellite images, but only when there had been a combined vole and lemming peak (Fig.1a, Fig. 1b, Fig. 1d ).
NDVI estimated in a homogenous heathland area close to the oceanic location ( Spectral analyses showed that rodents, NDVI, and abundance of most species fluctuated with 3-year cycles, although the fluctuations were only significant for rodents, total plant biomass and Vaccinium myrtillus (Table 1) . Moreover, pair-wise cross correlation analyses show that both plant biomass in grazed control plots and NDVI estimated from satellite images fluctuated in synchrony with the combined vole and lemming densities ( Table   1 ).
The pronounced effect of rodents on the vegetation is also demonstrated by the significant log linear relationships between plant biomass and the number of years since a vole peak (Fig. 2a , r 2 =0.59, P=0.001). NDVI of the 20km 2 heathland area and the whole study region (770km 2 )
were also log linearly related to years since a combined vole and lemming peak ( Fig. 2b ; r 2 =0.60, P=0.003; r 2 =0.45, P=0.017). Log-linear relationships were stronger than linear ones indicating that the rate of recovery decreased over time.
Rodents influenced the abundance of all dominant field layer plants. Four out of six dominant plant species increased significantly in plots where herbivores were excluded (Fig 3a-d 6, 18 . Our results reinforce the importance of rodents by showing that they create vegetation cycles and plant community changes as well. Although the importance of these cycles for biodiversity and ecosystem functioning of the tundra remain to be investigated, it is clear that the cascading effect of rodents for the function and diversity of tundra plant communities needs to be included in our scenarios of how these ecosystems will respond to environmental changes, and interpreting causes of recently observed vegetation changes.
Furthermore, our evidence that the relationship between NDVI values and biomass is affected by changes in plant community composition highlights that caution should be used in assuming biomass changes from satellite-derived NDVI values alone. Although plant biomass and NDVI were positively related in plots recorded in this heathland in 2011, the trend over time is different. While plant biomass has a slight positive trend, NDVI decreases.
The species-specific shifts in vegetation over time presented in Fig. 3a -f might be the main reason for the slight reduction of regional NDVI (Fig. 1d) over the same period. The spectral reflectance of the main species that increased in biomass (B. nana) is low compared with the species that decreased most (V. myrtillus). Therefore, NDVI differences integrate changes in overall biomass and species-specific changes in biomass 23, 27 . Hence, caution should be used in assuming large scale changes in biomass without prior knowledge about the changes in the in situ species composition.
METHODS
We studied the effect of rodent cycles on subarctic vegetation in the Abisko region, in Vaccinium vitis-idaea. The small dots represent ±1SE The effect of excluding herbivores on the dominant plant species were significant (bold font) for total biomass and most taxa (Year×Treatment). Rodents, NDVI estimates and most plant species had a spectral density of 3 years, but the effects were only significant for total rodent density, total plant biomass and Vaccinium myrtillus. Cross-correlation analyses reveal that NDVI and most plant species had a positive relationship to rodent densities without any lag phase, or a negative relationship with one year lag phase. Vegetation cycles at a regional scale.
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Supplementary Methods
Study area
The study was carried out in the Torneträsk region, between Abisko and the Norwegian border. The experimental part of the study was carried out in two locations along a continental-oceanic climatic gradient within the forest-tundra ecotone ( Supplementary Fig.   1 ). Both study locations are situated on nutrient-poor bedrock and the forest is dominated by mountain birch (Betula pubescens ssp. czerepanovii), which is typical for Fennoscandian tree NDVI estimated from satellite images has frequently been used to study large scale vegetation changes in the Arctic 6, 7, 8, 9, 10, 11 . We extracted NDVI-values a) from the sites Vassijaure (0.64km 2 ) and Paddus (0.43km 2 ), b) from a 20km 2 area situated between 68°30′15″N, 18°19′47″E in NWest to 68°28′ N, 18°23′25″E in SEast, and c) the whole study area between 68°31′30″N, 18°11′15″E in NWest to 68°18′ N, 18°51′51″E in SEast including a more complex set of habitats ( Supplementary   Fig. 1 ). To verify that NDVI reflects plant biomass in our study system (plot scale) 12 , NDVI was measured in our 0.25m 2 plots for permanent vegetation recording using a NDVI Digital Camera 12 MP DSLR and Win CAM Regular software (Regent Instruments Inc, Quebec, Canada).
Herbivore densities
We monitored spring and fall densities of rodents, with the small quadrat method 34,35 , with replicated quadrats of 15 m × 15 m, each with 12 snap traps set for a period of 48 h and checked twice. We started the trapping using 10 small quadrats in 1998 in both locations (five in forests and five in tundra). We thoroughly surveyed the research sites in June 1998, before the exclosures were built. Tracks, droppings, damaged plants and bodies of dead voles and lemmings were found. All these signs indicated that there was a rodent peak in the autumn of 1997. More than 80 % of all caught individuals of voles were Myodes rufucanus. In addition,
Norwegian lemming, Lemmus lemmus, were abundant during peak years. A few individuals of Myodes rutilus and Microtus agrestis were also caught. This species composition is typical for dry heathlands in the Fennoscandina forest-tundra ecotone. There were severe outbreaks of the autumnal moth, Epirrita autumnata, in Abisko in 2004 7, 8 . However, although large parts of the surroundings were totally defoliated, including most of the field layer, none of our study sites in the upper part of the forest-tundra ecotone were severely affected. Our study sites were all situated in areas classified as moderately defoliated or not defoliated, according to estimates from remote sensing 7, 8 and tree ring studies 7 .
Statistical analyses
The effects of excluding herbivores on plant biomass were tested with repeated measure ANOVAs. We examined the cyclic behavior of rodent and plant populations by spectral analysis. Since the time series are fairly short, populations were classified as cyclic if there was a peak in the spectral density between 2 and 5 years and as non-cyclic, if there was no peak in that interval. The synchrony between plant and rodent cycles was examined using cross-correlation analysis. The relationship between years since a vole peak and NDVI and plant biomass, respectively, were tested using linear regressions. Both linear and loglinear models were used and the model with the highest r 2 was selected. We also tested if including a range of climatic variables (mean summer temperature, degree days above 0ºC or +5 ºC or total summer precipitation) would improve the fit of these models. The fits of these models were compared using the Akaike Information Criterion. All statistical tests were performed within the statistical environment R 38 . 
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